1. A survey was made of denitrification and nitrous oxide (N 2 O) production in river sediments at fifty sites in north-east England during one season in order to investigate the relationship between rates and environmental factors likely to influence these processes. The sites were chosen to represent a wide range of physical and chemical conditions. Denitrification rate and N 2 O production were measured within 5 h of sampling using the slurry acetylene blockage technique. 2. Denitrification rate ranged from less than 0.005-260 nmol N g -1 DW h -1 , tending to increase in a downstream direction. N 2 O production ranged from negative values (net consumption) to 13 nmol N 2 O-N g -1 DW h -1 and accounted for 0-115% of the N gases produced. 3. Denitrification rate and N 2 O concentration in the sediment were correlated positively with nitrate concentration in the water column, water content of the sediment and percentage of fine (Ͻ 100 µm) particles in the sediment. 4. The variation in denitrification rate was satisfactorily explained (64% total variance) by a model employing measurements of water nitrate and water content of sediments. No simple or multiple relationship was found for N 2 O production.
Introduction
Increases in the input of nitrogen (N) from fertilisers and other sources in recent decades have been reflected in rises in the concentration of combined N in many rivers and other aquatic systems (Royal Commission of Environmental Protection, 1983; Torre et al., 1992) . However, mass balance calculations for total N in some Ontario rivers (Hill, 1979 (Hill, , 1981 (Hill, , 1983 have shown that there was a net loss of N. Among the important processes involved in this loss is denitrification, which is the dissimilatory reduction of nitrate, via nitrite, to the gaseous products, N 2 O and/or N 2 . Denitrification has been reported to be active under low oxygen conditions in river and estuarine sediments (Jørgensen, 1989) . Evaluation of net N 2 O production is important because N 2 O is both a © 1998 Blackwell Science Ltd
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'greenhouse' gas (Lashof & Ahuja, 1990 ) and a major source of nitric oxide radicals in the stratosphere, which play an important role in the destruction of the ozone layer (Crutzen & Schmailzl, 1983) .
The majority of the earlier studies on denitrification were carried out on soils and, more recently, on estuarine and lake sediments (Seitzinger, 1988) . Fewer studies have been made on rivers, despite their importance as a N recipient. Among these, the influence on sediment denitrification rate of the temperature, oxygen and nitrate concentrations in the overlying water was reported by van Kessel (1977a,b) and the influence of the physical and chemical characteristics of both water and sediment in a small mountain stream by Swank & Caskey (1982) . The potential rate of nitrate removal in stream sediment was shown for twenty-two sites on three rivers in Southern Canada to be positively correlated with the water-soluble carbon content of the sediment (Hill & Sanmugadas, 1985) . The aim of the present study was to examine the relationship between denitrification rate and N 2 O production in sediments and the chemical and physical characteristics of water and sediments for a large number of rivers during one season and, as far as possible, one set of climatic conditions.
Materials and methods

Sites
Fifty sites were selected from thirty-one rivers in north-east England (Table 1) ; sites on any one river were each separated by at least 5 km river distance. The rivers range from small second-order tributaries to moderately large sixth-order rivers, and the widths from about 1 to 30 m. The study was carried out after several months of relatively low river flows and the water depth was usually less than Ͻ 1 m at the time of sampling. Many of the sites had been the subject of previous studies and were selected to show a wide range of physical and chemical properties; this is © 1998 Blackwell Science Ltd, Freshwater Biology, 39, 467-476 reflected in the analyses carried out for the present study (Table 2) .
Water collection and analysis
Water samples were collected at the same time than sediment. Conductivity and total alkalinity of the water were measured in situ. Conductivity was measured using a WTW meter (model FC 910), rotating the submerged probe in the water at the collection point. Total alkalinity was measured by titrating 0.1 M HCl into 50 mL water until the pH reached 4.2 (Golterman, Clymo & Ohnstead, 1978) . Samples for nitrate, nitrite, ammonium and filtrable reactive phosphate were filtered in the field through 0.45-µm Whatman (cellulose nitrate) filters and frozen until analysed. Nitrate and nitrite were determined according to Bendscheneider & Robinson (1952) , and ammonium according to Solorzano (1969) . Phosphate was analysed using the molybdenum blue technique (Murphy & Riley, 1962) , as modified by Eisenreich, Bannerman & Armstrong (1975) .
Sediment sample collection and analysis
Sediment samples (0-5 cm depth) were collected over a 3-week period in September 1996. Sampling was, in general, restricted to areas of sediment accumulation. The top 5 cm were collected with a Plexiglas cylinder, mixed at the site to convert to a slurry, and then transported to the laboratory in an ice-box. After 3 min of further mixing with a stirring rod, subsamples were used for denitrification assays and analyses of sediment properties made on the remaining sediment. Particle size fractions were determined by wet sieving. Water content was determined, in triplicate, gravimetrically after drying at 105°C for 48 h. Total C and N in the Ͻ 100 µm fraction were determined using a CARLO-ERBA 1108 CNH analyser.
Denitrification assay
Denitrification rate was determined using a slurry technique similar to the assay of Smith et al. (1978) and Limmer & Steele (1982) by means of acetylene inhibition of N 2 O reductase. The denitrification assay commenced within a maximum of 5 h (but usually much less) from the time of sediment collection to minimize the effects of storage. Slurries were made by adding between 6 and 12 g wet sediment into 30-mL jars. Three sets of slurries, in triplicate, were used. The first set was used to determine the initial N 2 O concentration in the sediment. The second set was used to determine net N 2 O production: between 18 and 23 mL of (untreated) river water, collected at the same site and time as the sediment, was added to the jars. The third set was used to determine denitrification (N 2 plus N 2 O production): the jars were filled with acetylene-saturated river water to obtain a final concentration of 10% acetylene. The acetylene-saturated river water was prepared by flushing with pure acetylene for 20-30 min. In order to remove potential ammonium contamination from the acetylene, it was passed though a solution of 0.1 N phosphoric acid.
All jars were sealed with no headspace and incubated in the dark at 15°C for 3 h. After incubation, slurries were shaken vigorously in order to equilibrate N 2 O in the sediment and water phases, and 5 mL were transferred to a 12.5-mL gas sample container which included 0.1 mL of 40% formalin. The gas sample containers were immediately frozen until analysis. For N 2 O analysis, 2 mL gas from the headspace of the gas container were sampled with a gastight syringe and N 2 O was determined by gas chromatography with a 63 Ni electron-capture detector (PerkinElmer 2000; detector temperature 350°C; flow 20 mL min -1 ). N 2 O concentrations in the slurries were back calculated, using Henry's law, from the concentration in the gas container. N 2 O production (slurry with no C 2 H 2 added) and denitrification rate (slurry amended with C 2 H 2 ) were calculated after subtracting the initial N 2 O concentration and the result was expressed as a mean Ϯ standard deviation (SD) in nmol N 2 O-N g -1 DW h -1 for the former and as nmol N g -1 DW h -1 for the latter.
Data analysis
Correlations and multiple regression analyses were carried out with the statistical package StatView 512 ϩ -for the Apple Macintosh. Due to the lack of a normal distribution for most of the variables, the data were log(x)-transformed when necessary. For N 2 O production, a log(x ϩ 1) transformation was applied due to the abundance of negative values.
Results
The frequency distributions of nitrate in river water, and of the water content and particle size in the sediment, for all the sites investigated are shown Fig. 1 . Nitrate concentrations ranged from 0.24 to 584 µM with 36% of the sites showing a concentration of less than 50 µM. Water content of the sediments was distributed normally and ranged from 16 to 86%. The percentage of particles Ͻ 100 µm was low in upland sites and usually increased on passing downstream, the highest values (up to 95%) occurring at a tidal (freshwater) site on the Ouse. 52% samples showed values under 20%.
The initial N 2 O concentration in sediment ranged from 0.005 to 19.7 Ϯ 0.97 nmol N 2 O-N g -1 DW, although 90% river sediments had concentrations of below 2 nmol N 2 O-N g -1 DW (Fig. 2a) . N 2 O concentration showed a highly skewed distribution, with many low values and a few high values. The rise in N 2 O in the samples with no added acetylene ranged from negative values (indicating net consumption of N 2 O during the assay) to 13.1 nmol N 2 O-N g -1 DW h -1 (Fig. 2b) . 90% samples had rates less than 4 nmol N 2 O-N g -1 DW h -1 .
The distribution frequencies of denitrification rate (N 2 ϩ N 2 O production) for the sites sampled are shown in Figs 2(c) and 3. The rate ranged from below the detection limit at Ravenseat (tributary of Swale) to 260 Ϯ 11 nmol N g -1 DW h -1 in the Deerness near Durham. 90% of the sediments analysed had a rate lower than 40 nmol N g -1 DW h -1 . Only sediments from the Deerness, Gaunless, Kexby and Wiske showed rates above this value.
In the case of the four rivers where denitrification rate was measured at a number of sites, the rate in general increased on passing downstream (Fig. 3) ; for instance, the rates increased from below the detection limit to 12.5 Ϯ 1.4 (Swale), from 0.5 Ϯ 0.04 to 5.6 Ϯ 0.8 (Tees) and from 1.5 Ϯ 0.15 to 14.7 Ϯ 1.7 nmol N g -1 DW h -1 (Wear).
The proportion of N 2 O related to total gases (N 2 O ϩ N 2 ) ranged from 0.1 to 115%, with 38% of the samples higher than 20% (Fig. 2d) .
Correlation analysis
The log-transformed concentration of N 2 O in sediment was significantly and positively correlated with the water content of the sediment, and with the percentage values for total C and N in the sediment. No significant negative correlations were found (Table 3 ). The production of N 2 O in samples with no acetylene added was not significantly correlated with any of the variables (Tables 3 and 4) . Denitrification rate showed a strong positive correlation with water content of the sediments and percentage values for sediment C and N, percentages of particles smaller than 100 µm and (Table 3) , for the river water, with conductivity, alkalinity, nitrate and phosphate (Table 4) . Denitrification rate did not show a significant negative correlation with any variable.
Many of the variables analysed for sediment showed strong interrelationships. Thus, water content was strongly positively correlated with C and N content and more weakly with the proportion of particles smaller than 100 µm (Table 3 ). In the case of the water, nitrate was strongly and positively correlated with conductivity and phosphate, and more weakly correlated with alkalinity and nitrite (Table 4) .
Multiple regression analysis
To obtain a normal distribution for the variables, all data except water content and the ratio for sediment C : N were transformed. All data were log(x)-transformed, except N 2 O production, which showed several negative values and so was log(x ϩ 1)-transformed. When all the variables analysed were computed, the multiple regression analysis explained 77% of the variation in the denitrification data (P Ͻ 0.0001), Table 5 . However, some of these variables may be unrelated or only weakly related to denitrification rate, or else may contain information already provided Table 3 Pearson correlation coefficients (r) for N 2 O concentration in the sediment (N 2 O int.), N 2 O production (N 2 O prod.) and denitrification rate vs. determinant sediment variables. Only values over 0.44 (P Ͻ 0.001) are shown. All variables except for water content and C : N ratio were either log or (for N 2 O production) log(x ϩ 1)-transformed. P1, P2, P3, P4 and P5 correspond to the percentage of particles smaller than 100 µm, between 100 and 150, 150-250, 250-600 and Ͼ 600 µm, respectively to reduce the number of variables, a stepwise statistical procedure was used. With two variables, nitrate in the water and water content of sediments, 64% of all variation in the values for denitrification rate could be explained (P Ͻ 0.0001) ( Table 5 ). Fig. 4 shows the agreement between observed and calculated denitrification rates using the multiple regression model. In addition, the descriptors of both log normal distributions (mean and standard deviations) were not significantly (P Ͻ 0.05) different (Fig. 5) . No significant regression was obtained for the production of N 2 O in the samples without acetylene. 
Discussion
With the exception of the headwater site in the Swale catchment (Ravenseat), denitrification was detected at all sites, suggesting that denitrifying bacteria are widely distributed. The absence of detectable denitrification at the headwater site was probably due to the low concentration of aqueous nitrate (0.24 µM) and sediment total C (91 µg g -1 DW), making it difficult to support the process. The occurrence of denitrification everywhere else was surprising in view of the fact that many of the samples had supersaturated dissolved oxygen in the water at the time of sampling and a high proportion of particles in the sediment greater than 600 µm and therefore a very low total carbon content. This suggests the occurrence of aerobic denitrification or the existence of anoxic microenvironments in overall aerobic conditions (Lloyd, 1993) . The highest denitrification rates were always found in organically polluted lowland rivers, where sediments tended to be covered by decomposing algal or other organic debris.
Denitrification rates increased in a downstream direction in the Rivers Tyne, Wear, Tees and Swale. A combination of factors, which vary together, may explain this trend. Moving downstream, current velocity decreases (leading to greater sedimentation) and aqueous nitrate and phosphate increase. In general sediments become finer (perhaps increasing sites for anoxic environments and microbial attachment), with increased contents of water, C and N.
The rates of denitrification measured in this study (Ͻ 0.005-260 nmol N g -1 DW h -1 ) are in the range of values reported for other ecosystems: sandy loam © 1998 Blackwell Science Ltd, Freshwater Biology, 39, 467-476 soils, approximately 20 nmol N g -1 DW h -1 (Drury, McKenney & Findlay, 1992) ; fine-silty soil, up to 170 nmol N g -1 DW h -1 (Parsons, Murray & Smith, 1991) ; twenty-four soils in Northern Ireland with a wide range of physical and chemical properties, 2.5 and 88 nmol N g -1 DW h -1 (Watson, Jordan & Allen, 1994) . Bradley, McMahon & Chapelle (1995) found in effluent-dominated rivers values up to 58 nmol N g -1 DW h -1 . In rivers, lakes and estuaries denitrification rates, expressed as N 2 O produced per unit sediment, are scarce, making comparison difficult.
N 2 O accumulation depends not only on its synthesis, but also on the extent of reduction to N 2 by reductase enzymes. Eighteen percent samples showed negative values for N 2 O accumulation, which suggests a net consumption of the N 2 O produced. However, care is needed when considering the production of N 2 O: while total N 2 O produced in the presence of C 2 H 2 may be a good indicator of total denitrification (N 2 ϩ N 2 O), the production of N 2 O in the absence of C 2 H 2 may not be due solely to denitrification, but may also result from nitrification and dissimilatory nitrate reduction to ammonium (DNRA). Thus, it is not surprising that, in some cases, the production of N 2 O without acetylene exceeded that with acetylene. There was no significant multiple regression between N 2 O production and any of the variables. The differential contributions of processes such as nitrification and denitrification (Firestone & Davidson, 1989; Arah & Smith, 1990) and DNRA makes detailed interpretation difficult. The processes may often be expected to occur simultaneously, though presumably separated spatially and influenced differently by particular environmental factors.
N 2 O produced during assays without acetylene reached as high as 115% of the value for total N gases during assays when acetylene was added. The average value was 18%, with 38% samples exceeding this (Fig. 2d) . This figure contrasts with others investigations, most previous reports giving values less than 5% (Seitzinger, Nixon & Pilson, 1984; Seitzinger, 1988) . The generally high proportion could be due to an incomplete inhibition of N 2 O reductase by acetylene and/or inhibition of this enzyme by other factors such as oxygen. The former seems unlikely because the amount of acetylene added was sufficient to achieve complete inhibition and the slurry technique guarantees complete contact between acetylene and the sites of denitrification. In addition, high N 2 O production was found in samples with both high and low water content and therefore with high and low apparent density. It is well known that this enzyme is the most oxygen sensitive of all enzymes involved in denitrification (Firestone & Davidson, 1989) , and slurries were made with natural river water, which was always over 62% saturated with oxygen. Why samples with otherwise similar characteristics should have different proportions of N 2 O remains unclear: no simple or multiple relationship was found between the N 2 O : N 2 ratio and any of the analysed variables. A full explanation would require experimental studies on the influence of individual variables that control the N 2 O : N 2 ratio, and the development of a mathematical model to incorporate field and experimental data.
The variability of denitrification rates in a wide range of sediment and water characteristics was satisfactorily explained (64%) by multiple regression analysis. The application of other models showed similar or lower levels of significance (Table 6) . Watson et al. (1994) found that bulk density and exchangeable Mg 2ϩ explained (by stepwise multiple linear regression) 81.4% of variation for twenty-four soil samples collected in Northern Ireland. The boundary line approach model applied for Saskatchewan cherno- © 1998 Blackwell Science Ltd, Freshwater Biology, 39, 467-476 zemic soils explained 50% of the variability using field and literature data (Elliot & de Jong, 1993) . However, Bergstrom & Beauchamp (1993) were unable to obtain accurate predictions of denitrification rate using the same approach, when considering the air-filled porosity, respiration rate and mineralizable-C content.
Mean estimates for denitrification rates obtained from the model did not differ significantly from the measured rates. In addition, the model accurately described the variability (shape of the histograms) exhibited by natural denitrification rate estimates. Coefficients of variation of predicted values were very similar to actual rates, and variances of the predicted rates from the model were not significantly different from the measured denitrification rates.
Aqueous nitrate and sediment water content explained the greatest amount of variation in the denitrification data from the present study (64%). A saturation curve between nitrate and denitrification has been reported in a number of studies on cultures (Koike & Hattori, 1975; Oren & Blackburn, 1979) , slurries assayed in the laboratory (van Kessel, 1977b) and field data (Andersen, 1977) and, as nitrate is a substrate for denitrification, this is not surprising. It is unclear to what extent sediment water content was a factor directly influencing the present results. The influence of water content in soils on denitrification rate has been reported previously. The addition of water to soil can show a significant increase in denitrification rate (Weier et al., 1993) : the water content in soils may inhibit oxygen diffusion to soil microorganisms, thus creating an environment favourable for denitrification. As both fineness of soil texture and water content increased, total denitrification also increased. Groffman & Tiedje (1989) suggest that smaller average pore size in finer textured soils may lead to greater soil water retention and greater opportunity to create anaerobiosis. However, it is known that the availability of electrons from organic carbon is in general one of the most important controlling factors in denitrification (Knowles, 1982) . In the present study sediment water content was highly correlated (P Ͻ 0.01) with sediment percentage fine particles, C and N contents.
The results from this study suggest that conditions for denitrification probably exist in most streams and rivers with at least some pockets of fine sediments. More detailed investigations into the relationships between physical and chemical features of the environment on denitrification are needed to clarify which are causal and which are due merely to intercorrelated relationships.
